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ABSTRACT: Sodium chlorate effectively reduces or
eliminates gram-negative pathogenic bacteria in the
gastrointestinal tracts of live cattle. Limitations to the
in vivo efficacy of chlorate are its rapid absorption from
the gastrointestinal tract and its presumed reduction
to chloride within the gastrointestinal tract. We hypoth-
esized that chlorate would be reduced via ruminal bac-
teriain a ruminal in vitro system and that the reduction
of chlorate would be influenced by the dietary for-
age:concentrate ratio; thus, 4 ruminally cannulated
steers were fed 20 or 80% concentrate diets in a cross-
over design. Ruminal fluid was collected in 2 periods
and dispensed into in vitro tubes containing sodium
[3¢Cl]chlorate, which was sufficient for 100 or 300 mg/L
final chlorate concentrations. The tubes were incubated
for 0, 1, 4, 8, 16, or 24 h; autoclaved, control ruminal
fluid, fortified with sodium [*®Cl]chlorate, was incu-
bated for 24 h. Chlorate remaining in each sample was
measured by liquid scintillation counting after
[3¢Cl]chloride was precipitated with silver nitrate. A
preliminary study indicated that chlorite, a possible
intermediate in the reduction of chlorate, had a half-
life of approximately 4.5 min in freshly collected (live)

ruminal fluid; chlorite was, therefore, not specifically
measured in ruminal incubations. The chlorate dose
did not affect in vitro DM digestion (P > 0.11), whereas
in vitro DM digestibility was decreased (P < 0.05) by
80% forage content. By 24 h, 57.5 £ 2.6% of the chlorate
remained in 100-mg/L incubations, whereas 78.2 +£2.6%
of the chlorate remained in the 300-mg/L incubations.
When the data were expressed on a concentration basis
(mg/L), diet had no effect (P > 0.18) on chlorate reduc-
tion; however, when chlorate reduction was expressed
on a percentage basis, chlorate reduction tended to be
greater (P > 0.09) at 8 and 16 h in the incubations
containing the low-concentrate diet. Chlorate re-
maining in autoclaved controls at 24 h was intermedi-
ate (P <0.01) between chlorate remaining in live rumi-
nal fluid samples incubated for 0 or 24 h. Attempts
to isolate chlorate-respiring bacteria from 2 sources of
ruminal fluid were not successful. These data indicate
that microbial-dependent or chemical-dependent, or
both, reduction of chlorate occurs in bovine ruminal
fluid and that dietary concentrate had a negligible effect
on chlorate reduction.

Key words: bovine, chlorate, ruminal fluid

©2007 American Society of Animal Science. All rights reserved.

INTRODUCTION

Chlorate is a synthetic chloroxyanion that has poten-
tial in preharvest food safety applications (Callaway et
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al., 2003). Chlorate is hypothesized to be reduced to the
cytotoxic chlorite ion by the enzyme respiratory nitrate
reductase, which is found in Enterobacteriaceae, includ-
ing Escherichia coli and Salmonella (Anderson et al.,
2000). When administered in feed or drinking water to
cattle, sheep, swine, or broilers, chlorate may cause a
several-logarithm reduction in pathogen numbers or
may eliminate experimentally introduced E. coli
0157:H7 and Salmonella Typhimurium from the gas-
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trointestinal tract (Anderson et al., 2001a,b; Callaway
et al., 2002, 2003; Jung et al., 2003).

Previous studies in cattle (Smith et al., 2005b; Oliver
et al., 2007) have demonstrated that chlorate is rapidly
and extensively removed, by absorption or reduction to
chloride, from proximal portions of the gastrointestinal
tract. This removal results in chlorate concentrations
in the distal gastrointestinal tract and feces that are
low relative to concentrations shown to be effective in
vitro. In addition, a large portion of the chlorate dosed
orally to cattle is reduced to chloride, but whether chlo-
rate reduction occurs before absorption is unknown.

A likely site of chlorate reduction within the gastroin-
testinal tract is the rumen. Chlorate-reducing bacteria
seem to be ubiquitous in many and diverse ecosystems,
from pristine lakes to animal waste lagoons (Coates et
al., 1999). The rumen, in addition to being a habitat
for vast numbers and species of microorganisms, has a
typical redox potential of —250 to —450 mV (Owens and
Goetsch, 1988), suggesting that reduction of chlorate
to chloride by chemical means is possible.

Our specific objectives were to determine whether
chlorate reduction occurs within the rumen itself, to
evaluate the effect of dietary forage concentration on
in vitro chlorate reduction, and to isolate chlorate-re-
ducing bacteria from ruminal fluid.

MATERIALS AND METHODS

Reagents and Chemicals

Radiolabeled sodium chlorate (Na[**C1]O5), having a
specific activity of 0.575 mCi/mmol, was purchased from
Ricerca Biosciences (Concord, OH) and stored at 4°C
until use. Unlabeled sodium chlorate [99.96% NaClOs,
0.03% NaCl, and 0.01% H,0] was acquired from EKA
Chemicals (Columbus, MS) and Sigma (St. Louis, MO)
and stored at room temperature. Other chemicals used
in the study were sodium chloride (VWR, West Chester,
PA), potassium phosphate dibasic anhydrous, ammo-
nium phosphate monobasic, magnesium sulfate hepta-
hydrate, ferrous sulfate heptahydrate, zinc sulfate hep-
tahydrate, calcium chloride dihydrate, manganese (II)
chloride tetrahydrate, boric acid, cobalt (II) chloride
hexahydrate, sodium molybdate dihydrate, cupric sul-
fate pentahydrate, sodium selenite, nickel (II) chloride
hexahydrate, sodium acetate anhydrous, silver nitrate,
ammonium acetate (Sigma), trichloroacetic acid, sulfu-
ric acid (99.999%), EDTA disodium salt dihydrate
(Sigma), diphenylamine (99%, Sigma), sodium phos-
phate monobasic monohydrate (Acros Organics, Morris
Plains, NJ), sodium phosphate dibasic, potassium chlo-
ride, magnesium sulfate, calcium chloride (Fisher
Chemical, Fairlawn, NJ), sodium bicarbonate (Curtin
Matheson Scientific, Baltimore, MD), NaOH (50% solu-
tion for ion chromatography, Fluka Chemical Corp.,
Milwaukee, WI), methanol (HPLC grade, EM Science,
Gibbstown, NJ), bacto agar, resazurin (Difco, Becton
Dickinson, Franklin Lakes, NJ), and Ultima Flo and
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Ultima Gold liquid scintillation fluid (PerkinElmer Life
and Analytical Sciences, Boston, MA).

General Liquid Scintillation Counting Techniques

Background and limit of quantitation determinations
and instrument calibration were described by Smith et
al. (2005b). Samples were counted for 10 or 15 min on
a Packard 2550 (Meriden, CT) or a Beckman LS1701
(Fullerton, CA) liquid scintillation counter. Quench was
corrected using the H# (Beckman) or tSIE (Packard)
options for each instrument.

Chlorate Recovery from Proprietary Formulation

Excess radiolabeled chlorate (114 dpm/wg) formu-
lated for a previous study (Smith et al., 2005a) was
recovered for use in this experiment. Briefly, the excess
proprietary formulation was weighed and extracted
into 75 mL of nanopure water (Milli-Q water purifica-
tion system, Millipore Corp., Bedford, MA) over a 30-
min period. The aqueous extract (286 nCi) was trans-
ferred to 2 pear-shaped flasks, and the water was com-
pletely evaporated using a rotary evaporator.

Purification of Recovered [*°Cl]Chlorate

A 2.5 x63 cm glass column was packed with Sephadex
G-10 (Pharmacia Inc., Piscataway, NJ) that was slur-
ried in 0.1 M ammonium acetate. One-half of the dried
residue was reconstituted in 5 mL of nanopure water
and placed at the top of the Sephadex column. The
column was eluted with 0.1 M ammonium acetate, pH
7.01, at a flow rate of 1.04 mL/min. Two hundred forty
fractions of approximately 4 mL were collected at 3.8-
min intervals. Aliquots (5 pL) of each fraction were
diluted in 6 mL of Ultima Gold liquid scintillation fluid
(PerkinElmer Life Sciences) and counted for 10 min
each on a liquid scintillation counter. Radiochlorine in
each vial was plotted by vial number to determine the
elution of radioactivity, and the fractions (47 to 50)
containing chlorate were combined in a 250-mL volu-
metric flask. The flask was diluted to the mark with
nanopure water, mixed, and quintuplicate 100-p.L ali-
quots were removed to determine recovery of radioactiv-
ity in the combined fractions. The chlorate solution was
transferred to a 500-mL round-bottom flask, and the
contents were dried using a rotary evaporator. The
dried residue was reconstituted in nanopure water,
transferred to a 25-mL volumetric flask, and the flask
was brought to volume with nanopure water. Radio-
chemical purity was reassessed using ion chromatogra-
phy, according to the method described in the section
“Test article preparation and characterization” in
Smith et al. (2005b); the radiochemical composition of
the purified product was 99.8% [*Cllchlorate and
0.2% [*5Cl]chloride.

Chlorite Stability Experiment

Chlorate (C1037) has an oxidation state of +5. During
its reduction to chloride (CI7; oxidation state of —1), 2
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intermediates could be formed, chlorite (C1057; oxida-
tion state of +3) and hypochlorite (C107; oxidation state
of +1). Hypochlorite is not stable enough to be detected
as an intermediate form, because it is an extremely
strong oxidizing agent; however, chlorite could be
formed in ruminal fluid in measurable quantities. Be-
cause the analytical method we used to determine chlo-
rate (see below) would also measure chlorite, it was
important to know the stability of chlorite in freshly
collected (live) ruminal fluid. Thus, [*®Cl]chlorite (99%
radiochemical purity), synthesized as described by
Hakk et al. (2007), was incubated in various media to
ascertain its stability over time. Duplicate tubes con-
taining [*®Cl]chlorite and either McDougall’s buffer, au-
toclaved ruminal fluid (previously collected and frozen
with no attempt made to maintain the autoclaved rumi-
nal fluid in an anaerobic state), nanopure water, or
live ruminal fluid were incubated in a 39°C water bath
(Precision shallow form shaking bath, Jouan Inc., Win-
chester, VA) for 0, 20, 40, or 60 min; additional tubes
were incubated for 5, 10, or 15 min for live ruminal
fluid. Samples were removed from the water bath at
the specified times and immediately filtered through
0.45-pm pore size, 17- or 25-mm diam., polytetrafluo-
roethylene syringe filters (Daigger, Vernon Hills, IL)
into 2-mL screw-top, microcentrifuge tubes. Immedi-
ately after filtration, chlorite and chloride were sepa-
rated and quantified by HPLC (600E pump/controller,
Waters, Milford, MA). Aliquots of filtrate were injected
(50 pwL; Hamilton syringe, Reno, NV) onto AG-11 and
AS-11HC guard and analytical columns (Dionex, Sun-
nyvale, CA). Chlorite and chloride were eluted using
an isocratic (1 mL/min) mobile phase of 20 mM NaOH,
and the radioactivity was detected (Packard model 500
TR flow scintillation analyzer with Ultima Flow AP
scintillation fluid, Packard Bioscience, Boston, MA).
Run times were 10 min with [*Cl]chlorite (retention
time 4 min) and [*®Cl]chloride peaks (retention time
5.7 min) integrated with Flo-One software (Packard
Bioscience). Chlorite half-life was determined by fitting
the chlorite stability data to a first order exponential
decay regression equation (Y = Y,™%; R? = 0.98) using
GraphPad Prism 4 software (GraphPad Software, San
Diego, CA).

Animals and Study Design

Animal care, feeding, and ruminal fluid sampling pro-
tocols were approved by the North Dakota State Univer-
sity Animal Care and Use Committee.

Four ruminally cannulated yearling steers were fed
1 of 2 diets (20 or 80% concentrate) in a crossover design,
with 12- tol4-d diet adjustment periods and 14-d adap-
tation periods (total of 28 d between diet change and
sample collection). For each feeding period, ruminal
fluid was removed from the steers twice, on d 28 and
30 of the period, so that incubations within animal were
replicated twice. Therefore, duplicate ruminal fluid
samples were collected from 4 animals in each period.
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Table 1. Composition of high- (80%) and low- (20%) con-
centrate diets (DM basis)

High Low
Item concentrate concentrate
Diet ingredient %
Brome hay 20.00 80.00
Corn 67.14 12.23
Soybean meal 5.96 1.69
Concentrated separator by-product 5.00 5.00
Limestone 1.52 0.55
Dicalcium phosphate — 0.15
Sodium chloride 0.25 0.25
Trace mineral premix! 0.07 0.07
Vitamin E premix? 0.02 0.02
Vitamin A and D premix® 0.02 0.02
Tonophore premix* 0.02 0.02
Diet composition
CP,° % 12.9 12.1
ME,$ Mcal/kg 2.94 2.54
Ca,’ % 0.92 0.78
PS5 % 0.49 0.58

ITrace mineral premix contained the following ingredients: 30 g/
kg of copper sulfate; 45 g/kg of ferrous sulfate; 180 g/kg of zinc sulfate
or zinc oxide; 128 g/kg of manganese sulfate or manganese oxide;
2.78 g/kg of ethylenediamine dihydroiodide or calcium iodate; and
0.563 g/kg of cobalt carbonate.

%Vitamin E premix contained 44,100 IU/kg of vitamin E.

3Vitamin A and D premix contained 48,488,000 IU/kg of vitamin
A and 4,628,400 IU/kg of vitamin Ds.

“Diet formulated to provide 27.5 mg/kg of monensin.

5Values obtained from feed analysis.

5Value obtained by calculation from the NRC (1996) values.

Diet Composition

Low- (20%) and high- (80%) concentrate diets (Table
1) were formulated using the TAURUS ration program
for beef cattle, version 1.01 (1990, The Regents of the
University of California, Davis). A soybean meal-based
supplement and premix was made for each diet. The
supplements were mixed in a small Davis Precision
horizontal batch mixer (H. C. Davis Sons Manufactur-
ing Co. Inc., Bonner Springs, KS) and stored in open,
plastic garbage pails. The diets were mixed in a larger
Davis Precision horizontal batch mixer or a Roto-Mix
IV feed mixer (model 84-8 STAT, Dodge City, KS). Hay
and corn were weighed in the mixers with a Weigh-
Tronix model 715 (Fairmont, MN) or a Digi-Star E2
2000 scale (Roto-Mix, Dodge City, KS) for the Davis
and Roto-Mix mixers, respectively. Other ingredients
were weighed on a scale cart from I1Q Plus (model IQ+
390-DC, Rice Lake Weighing Systems, Rice Lake, WI).
Proximate analysis of each diet ingredient was per-
formed by the North Dakota State University Animal
and Range Sciences Nutrition Laboratory (AOAC,
1990). Diets were formulated to be 12.5 and 11.5% CP
for the 80 and 20% concentrate diets, respectively; to
have a 2:1 Ca:P ratio; and to have the same proportion
of a trace mineral mix, all on a DM basis. Results of
the proximate analysis are presented in Table 1.
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Animal Handling and Feeding

Four cannulated steers (346 + 35 kg of BW) were
assigned randomly to the dietary treatment sequence.
The steers were housed in individual 3.0 x 3.7 m pens
with slatted concrete floors. Water and feed were avail-
able ad libitum.

Steers receiving the high-concentrate diet were ad-
justed to 80% concentrate over 14 d according to the
following sequence: 50% concentrate for 2 d, 65% con-
centrate for 5 d, and 75% concentrate for 7 d, with a
14-d adaptation period before ruminal fluid collections
on d 28 and 30. The following day, steers were crossed
over on the diets. Steers crossing from the high- to the
low-concentrate diet were fed a 50% concentrate diet
for 2 d and then the 20% concentrate diet for the remain-
der of the period. Steers crossing from the low- to high-
concentrate diets were adjusted up as previously de-
scribed, but with 1 d at 50% and 4 d at 65% concentrate.

Preparation of In Vitro Tubes

Samples of hay, corn, and soybean meal were ground
individually through a Wiley mill fitted with a 2-mm
screen. The ground ingredients and concentrated sugar
separator by-product were combined in the same pro-
portions as the fed ration and stored in sealed contain-
ers at —20°C until use. A 0.25-g aliquot of the appro-
priate ground ration was weighed into 50-mL conical-
bottomed polypropylene tubes (Sarstedt Inc., Newton,
NC) with a 1.6-mm diam. hole in the screw-cap to allow
gas to escape.

Ruminal Fluid Collection and Handling

Approximately 1.5 to 2 L of ruminal fluid was col-
lected from each animal and placed into warmed 1-L
thermoses on d 28 and 30 of each period, approximately
2 h after feeding. Ruminal fluid was collected by push-
ing the head of a suction strainer through the lip of the
cannula plug into the rumen and under the ruminal
fiber mat; fluid was drawn via vacuum using a hand
pump.

Ruminal fluid was filtered through 4 layers of cheese-
cloth; 500 mL was diluted to 1 L with 500 mL of warmed,
anaerobic McDougall’s buffer (McDougall, 1948; Tilley
and Terry, 1963); and the mixture was flushed with
CO,. Buffered ruminal fluid was maintained in a 39°C
water bath under CO, until it was dispensed into tubes.
An additional 200 mL of filtered, buffered ruminal fluid
was autoclaved. To each incubation tube, 30 mL of live,
buffered ruminal fluid was added. Autoclaved ruminal
fluid controls and nanopure water controls were pre-
pared separately.

Concentrations of sodium chlorate selected for inclu-
sion in the in vitro incubations (100 and 300 mg/L) were
based on chlorate doses from a previous study (Smith
et al., 2005b), and the calculated ruminal chlorate con-
centrations were based on those doses. Additionally,
the doses of chlorate shown to have in vitro efficacy

Oliver et al.

against gram-negative pathogens (Anderson et al.,
2000) were considered. Appropriate volumes of chlorate
(27 or 80 pL, respectively) were added to each tube to
yield 100 or 300 mg/L of chlorate. All tubes were pre-
pared within 1.5 h of ruminal fluid collection, beginning
with the longest incubations and working to the short-
est. Each tube was flushed with a gentle stream of CO,,
and the tubes were then capped, mixed, and incubated
at 39°C. The tubes were incubated for 0, 0.25, 0.5, 0.75,
1,2,4,6,8,12, 16, or 24 h (1 tube for each steer, period,
replicate, and dose for each time point) from the time
of chlorate inoculation. The tubes were agitated by hand
for about 15 s at approximately 1.5, 2.5, 4.5, 6.5, 8.5,
12.5, and 16.5 h. At the appropriate time points, the
tubes were removed from the incubator, frozen in a dry
ice-acetone bath, and transferred to a —20°C freezer
until analysis.

In Vitro Digestion Assays

Ruminal fluid from each steer (1 replicate from each
period) was used to conduct the in vitro digestibility
analyses, according to the method of Tilley and Terry
(1963; including in vitro blanks and controls), with the
following modifications: no urea was added and the in-
cubation lengths were 12 and 24 h instead of 48 h.
Samples of the 2 test diets were used as substrates.
Chlorate (100 or 300 mg/L) was added to half of the
incubations to determine the effect of chlorate on in
vitro digestibility.

Quantitation of Total Radioactivity
and Parent Chlorate

For each ruminal fluid incubation, the total amount
of radioactivity per unit volume was measured. Because
ruminal fluid is a highly quenching matrix, samples
were clarified before liquid scintillation counting.
Thawed samples were centrifuged at 3,210 x g for 25
min in a Beckman GS-6R centrifuge. Duplicate 2-mL
aliquots of each supernatant were loaded onto dupli-
cate, preconditioned (10 mL of methanol followed by
10 mL of nanopure water) Bond Elut Mega ME-C-18
columns (2-g sorbant; Varian, Harbor City, CA) and
eluted into 16 x 100-mm borosilicate glass tubes. Each
solid-phase extraction column was rinsed with 2 mL of
nanopure water, and the rinse was collected into its
respective tube. Triplicate 250-pL aliquots of eluate
were pipetted into 7-mL glass liquid scintillation vials,
and 500 pL of nanopure water and 6 mL of Ultima Gold
liquid scintillation fluid were added to each vial. The
vials were dark-adapted for at least 1 h and counted
for 10 min on a liquid scintillation counter.

Chlorate analysis was based on the widely divergent
solubilities of the silver salts of chlorate and chloride
in aqueous solution (CRC, 1982). Thus, using silver
nitrate, the salt of [*Cl]chloride, formed by the reduc-
tion of [*¢Cl] chlorate, could be selectively precipitated,
leaving silver chlorate salts in the sample supernatant.
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Each sample set was prepared with duplicate blanks
and fortified controls consisting of autoclaved ruminal
fluid fortified with 25 pL of a standard containing 48.4%
[3¢Cl]chloride and 51.6% [**Cl]chlorate. To eluates
(~3.25 mL) prepared during the total radioactivity anal-
ysis, 750 pL of 0.15 M silver nitrate solution was added.
The tubes were gently vortexed and then centrifuged
at 2,000 x g for 20 min. The supernatant was drawn
into a 5-mL syringe and filtered through a 0.45-pm
pore size, 30-mm diam., polytetrafluoroethylene filter
[Varian or Whatman (Clifton, NJ)] into a clean, prela-
beled 16 x 100 mm borosilicate glass tube. Triplicate
900-p.L aliquots of each sample were pipetted into 7-mL
glass liquid scintillation vials. Six milliliters of Ultima
Gold liquid scintillation fluid was added to each vial.
The vials were dark-adapted for at least 1 h and then
were counted for 10 min on a liquid scintillation
counter. The background was subtracted from each
sample, and chlorate as a percentage of total radioactiv-
ity was calculated.

Validation of Silver Nitrate Assay

To assure the accuracy of the silver nitrate assay,
a representative set of samples was analyzed by ion
chromatography with radiochemical detection and by
the silver nitrate precipitation assay. A set of 4 in vitro
incubation samples (representative of diet, chlorate
dose, and period) and 2 autoclaved incubated samples
were selected for inclusion in the analysis. In addition,
a fortified control was prepared by spiking 5 mL of
control ruminal fluid (autoclaved and pooled from the
4 steers) with 25 pL of a solution containing 48.4%
[**C17] and 51.6% [*%C1]05™ (382 dpm/uL). Controls and
validation samples were centrifuged at 3,210 x g for 25
min. Two-milliliter aliquots of each sample were loaded
onto a preconditioned (10 mL of methanol followed by
10 mL of nanopure water) 12-mL Bond Elut Mega ME-
C-18 column (2-g sorbant; Varian) and eluted into a
prelabeled 20-mL glass liquid scintillation vial. Each
column was rinsed with 2 mL of nanopure water, and
the eluate was collected into its respective vial. Dupli-
cate 100-pL aliquots of each eluate were pipetted into
liquid scintillation vials. To each vial was added 1 mL
of nanopure water and 15 mL of Ultima Gold liquid
scintillation fluid. Vials were dark-adapted for at least
1 h and counted for 10 min in a liquid scintillation
counter.

Duplicate 100-pL volumes of each sample eluate were
also injected into the HPLC system described above.
Radioactivity was eluted with 10 mM NaOH held iso-
cratic for 10 min; from 10 to 32 min, the mobile phase
composition was changed linearly to 55 mM NaOH.
Fractions were collected in 20-mL glass liquid scintilla-
tion vials every 3 to 4 min without splitting the peaks.
Each vial was counted as above. Recoveries of chlorate
and chloride were calculated based on counts obtained
from liquid scintillation analysis of an equal volume of
unchromatographed eluate. Results of the HPLC analy-
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Figure 1. Validation of the silver nitrate chloride precip-
itation assay for chlorate. Samples were analyzed with
both the silver nitrate-based assay and by ion chromatog-
raphy, with the results of the assays regressed against
each other.

sis were regressed against the results of the silver ni-
trate assay for the same samples (Figure 1). The regres-
sion equation (y = 0.9905x + 2.2105) indicated a nearly
1-to-1 relationship (R? = 0.9798) between the 2 assay
methods. The silver nitrate assay was also tested at
chlorate:chloride ratios of 99:1 and 1:99. At these ex-
tremes, the assay overestimated chlorate levels but was
accurate within <1% of the known values (data not
shown).

Microbiological Isolation Procedure

Chlorate- and perchlorate-reducing bacteria have
been previously isolated from numerous sources using
a minimal medium in which the oxyanion of interest
was the only electron acceptor; only those organisms
that can use the oxyanion provided will grow in such
a selective media (Rikken et al., 1996; Coates et al.,
1999; Xu and Logan, 2003). To this end, a mineral salts
medium (MSM) was made according to a modified rec-
ipe of Xu and Logan (2003) and Kengen et al. (1999).
Stock solutions of the chemicals were prepared and
combined to formulate a solution containing 1.18 g/L
of K2HP04, 0.85 g/L of NaH2PO4‘H20, 0.5 g/L of
NH,H,PO,4, 50 mg/L of MgSO,4-7H20, 4 mg/L of FeS-
047TH,0, 2 mg/L of ZnSO,7H,0, 1 mg/LL of
CaCly-2H50, 1 mg/L of MnCl,-4H50, 0.6 mg/L of H3BO3,
0.4 mg/L of CoCl,-6H50, 0.33 mg/L of NasMoO4-2H,0,
0.2 mg/L of CuSO4-5H50, 0.15 mg/L of NaySeOs, 0.1 mg/
L of NiCly-6H50, 3 mg/L of EDTA, 0.5 mg/L of resazurin,
1.39 g/LL of Na acetate, and 0.64 g/L of NaClOs. Appro-
priate amounts of each stock solution were combined
in a beaker with added nanopure water. While stirring,
the pH was adjusted to 7.0 with NaOH. The pH-ad-
justed solution was transferred to a volumetric flask,
brought to volume with nanopure water, and mixed
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by inverting the flask several times. The medium was
transferred to a round-bottomed flask with a flask ex-
tension clamp on the flask neck. The flask was swirled
over a Bunsen burner flame until the medium came to
a rolling boil. The flask was removed from the flame,
and N, gas was immediately bubbled through the me-
dium. The flask was cooled in ice under N, gas for
approximately 30 min. Ten milliliters of cooled medium
was pipetted into 18 x 150 mm Hungate Type Anaerobic
Culture Tube (Bellco Glass Inc., Vineland, NJ) under
N, gas. The tubes were immediately sealed with a 20-
mm septum stopper (Bellco Glass) with a tear-off alumi-
num seal (Bellco Glass) crimped over it. The tubes were
autoclaved for 20 min (Amsco Eagle Series 3021, Steris
Corp., Mentor, OH). Mineral salts agar plates were
made by adding 2.2% Bacto agar to the MSM, autoclav-
ing, tempering, and pouring into petri plates. When the
agar was cooled, the plates were inverted and placed
into an anaerobic chamber to reduce the agar.

A protocol for “Qualitative and Semi-Quantitative
Spot Tests for Nitrate, Nitrite, Chlorate, Bromate, and
Hypochlorite” was obtained from the Texas Veterinary
Medical Diagnostic Laboratory in College Station and
was developed into a quantitative colorimetric assay.
Samples from the ruminal fluid-MSM incubations, chlo-
rate standards [1, 2, 3, 4, 5, and 6 mM chlorate (107, 213,
320, 426, 533, and 640 mg/L of chlorate, respectively)
prepared in ruminal fluid], and nanopure water blanks
were pipetted (50 pL) into 1.9-mL microcentrifuge
tubes. To each tube was added 250 pL of 10% trichloro-
acetic acid to precipitate protein. Tubes were centri-
fuged at 14,000 x g for 10 min at 4°C in a microcentri-
fuge (Hermle Z 180, Labnet International Inc., Edison,
NJ). Duplicate or triplicate 50-pL aliquots of each stan-
dard, blank, and sample supernatant were pipetted into
the wells of a labeled microtiter plate. A repeater pipet
was used to dispense 150 pL of 0.5% diphenylamine
[in 80% (vol/vol) sulfuric acid] into each well. The plate
was shaken (VorTemp 56TM Incubator/Shaker, Labnet
International Inc.) for 2 min at 100 rpm at room temper-
ature. The plate was incubated at room temperature
for ~15 min to let the color stabilize. Absorbance was
measured at 700 nm in a microtiter plate reader (Spec-
traMax, Molecular Devices Corp., Sunnyvale, CA) using
SoftMax Pro version 2.6 software (Molecular Devices
Corp.). The assay was linear (R% = 0.99) from 1 to 6
mM (~100 to 650 mg/L) chlorate.

Ruminal fluid was collected from a pastured Jersey
cow in College Station, Texas, and from a hay-fed beef
steer in Fargo, North Dakota. Ruminal fluid from the
beef steer was preserved in 20% glycerol and frozen
before culture. In the laboratory, 2 mL of ruminal fluid
from each animal was injected into a separate set of
MSM tubes, 3 with chlorate and 3 without chlorate,
using a 3-mL syringe and 16-gauge needle. The tubes
were inverted several times to mix the contents. One-
milliliter samples were collected with sterile 1-mL sy-
ringes and 18-gauge needles at 0, 24, 48, and 72 h and
in a second experiment at 0, 48, 96, 144, and 192 h and
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frozen in labeled microcentrifuge tubes until analysis
of chlorate by the diphenylamine colorimetric assay.
The tubes were incubated at 39°C. At each of the collec-
tion times, the cultures were transferred to fresh media
using anaerobic techniques. In the first experiment,
at 72 h, 1 chlorate-containing culture was selected for
plating. Serial dilutions were made in MSM media and
plated (to concentrations of 107! to 10%) onto MSM agar
in an anaerobic chamber. The plates were incubated
anaerobically at 37°C.

Statistical Analyses

Results of chlorate degradation and in vitro DM di-
gestion were analyzed by time with the GLM procedure
(SAS Inst. Inc., Cary, NC). Replicate samples were aver-
aged for statistical analysis. The model included ani-
mal, period, diet, dose, and the interaction of diet x
dose. Least squares means were calculated for diet,
dose, and the diet x dose interaction. In a separate
analysis, the chlorate content of samples at 0 and 24 h
were compared with the chlorate content of the 24-
h autoclaved samples. The GLM procedure of SAS was
used, and the model included animal, period, diet, dose,
the interaction of diet x dose, and whether the sample
was autoclaved. Least squares means were calculated
for diet, dose, the diet x dose interaction, and the auto-
claved vs. nonautoclaved comparison.

RESULTS

Chlorite Incubation Trial

When [**Cl]chlorite was incubated in water, McDou-
gall’s buffer, or autoclaved ruminal fluid, no discernible
pattern of reduction occurred within 1 h (data not
shown), although chlorite in McDougall’s buffer was
lower (P < 0.01) across all time points including at time
zero. Percentage chlorite remaining in replicates was
averaged within media type across all time points.
Thus, chlorite content of fortified water, McDougall’s
buffer, and autoclaved ruminal fluid was 98.2 + 0.6%,
93.1 + 2.2%, and 98.2 + 0.8%, respectively, during a 1-
h incubation at 39°C.

In contrast, chlorite incubated in live ruminal fluid
was rapidly converted to chloride (Figure 2). Chlorite
spiked into live ruminal fluid disappeared in less than
15 min. Average amounts of chlorite (percentage of ini-
tial) at 0, 5, 10, 15, and 20 min were 77.7 + 20.4%, 43.4
+4.0%, 10.5 £ 7.8%, 0%, and 0%, respectively. The half-
life of chlorite in the live ruminal fluid was about 4.5
min.

In Vitro DM Digestion

Concentrate and chlorate did not interact to affect (P
>0.70) in vitro DM digestibility. Chlorate did not affect
(P > 0.26) in vitro DM digestibility at h 12 (52.0%,
51.3%, and 51.7% + 0.89% for 0, 100, and 300 mg/L of
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Figure 2. Reduction of chlorite and the appearance of
chloride in live ruminal fluid over time. Results are the
means of 2 replicates.

chlorate, respectively) or 24 (68.2%, 66.8%, and 67.4%
+ 0.55% digestible DM for 0, 100, and 300 mg/L of chlo-
rate, respectively). Digestibility of the 20 and 80% con-
centrate diets differed (P = 0.01) at both 12 (43.0% vs.
60.4% +0.73% for 20 and 80% concentrate, respectively)
and 24 h (56.7% vs. 78.2% *+ 0.45% for 20 and 80%
concentrate, respectively).

Chlorate Degradation

A diet x dose interaction did not occur (P > 0.13), so
results of in vitro chlorate reduction in ruminal fluid
incubations are presented as main effects. Diet type
did not affect (P > 0.18) chlorate reduction when data
were expressed and analyzed on a chlorate concentra-
tion (mg/L) basis (data not shown). When chlorate re-
sults were expressed and analyzed as a percentage of
the total radioactivity, a tendency for a diet effect (Fig-
ure 3) was observed at h 8 (P = 0.09) and 16 (P = 0.10).

Because the high dose in this study was 3 times
greater than the low dose, differences (P = 0.01) in
chlorate concentrations between doses were expected.
A more meaningful comparison between doses was ob-
tained when the chlorate data were expressed on a
percentage basis (Figure 4). When expressed on a per-
centage basis, there were differences (P < 0.01) at all
but the initial time point (P = 0.59), indicating that a
greater relative fraction of the low-chlorate dose was
chemically reduced to chloride compared with the high-
chlorate dose (Figure 4).

Chlorate reduction (P = 0.01) occurred in autoclaved
ruminal fluid: by 24 h, approximately 17 and 6% of the
beginning chlorate was reduced for the 100- and 300-
mg/L doses, respectively. However, the extent of chlo-
rate reduction in the autoclaved ruminal fluid was less
(P=0.01) than in the 24-h samples of live ruminal fluid.
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Figure 3. Effect of diet on ruminal in vitro chlorate
degradation over time. Lines indicate the percentage of
the initial chlorate remaining at the indicated times. Error
bars are SEM.

Microbial Isolation Experiment

Bacterial growth was observed in MSM tubes, but
there was less growth with successive transfers (data
not shown). Colonies were observed on MSM agar plates
only after 8 d of incubation. Colonies were small and
colorless and did not grow when recultured in MSM.
Tests for disappearance of chlorate in cultures showed
that chlorate loss was practically nil (data not shown).

DISCUSSION
Chlorate reduction by nitrate reductase yields chlo-

rite (Stewart, 1988). The assay used in this study for
chlorate determination distinguishes chlorate from
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Figure 4. Effect of chlorate dose on ruminal in vitro
chlorate degradation over time. Lines indicate the per-
centage of the initial chlorate remaining at the indicated
time. Error bars are SEM.
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chloride but not chlorite. It was therefore important to
validate the accuracy of our chlorate assay by determin-
ing whether chlorite would likely be present in ruminal
fluid as an intermediate in the reduction of chlorate. We
are not aware of any other studies of chlorite stability in
ruminal fluid. The results of our chlorite degradation
study suggest that chlorite is relatively stable in the
absence of live organisms for at least 60 min but that
it is rapidly reduced to chloride by live ruminal bacteria
(half-life ~4.5 min). Chlorite is also relatively unstable
in rat and bovine urine and in rat and bovine serum
(Hakk et al., 2007), presumably due to the presence
of reductants within those matrices. It was somewhat
surprising that chlorite was stable in autoclaved rumi-
nal fluid in this study, but it is possible that our auto-
claved ruminal fluid had no redox potential or a positive
redox potential, because no effort was made to keep the
ruminal fluid in an anaerobic state during its storage
or in the autoclave. Due to the very rapid reduction of
chlorite by ruminal microorganisms, we speculate that
chlorite produced as a result of the ruminal reduction of
chlorate would, at most, have only a transient existence
(4.5 min half-life) and might be reduced so rapidly that
it would not be detectable at all. Such observations
are consistent with studies of perchlorate- or chlorate-
reducing bacteria; in these bacterial populations, chlo-
rite has never been detected as a metabolic intermedi-
ate due to the presence of chlorite dismutases (Malmg-
vist et al., 1991; Coates et al., 1999; Xu and Logan,
2003).

The fact that in vitro DM digestibilities were not
affected by either dose of chlorate suggests that the
majority of commensal ruminal microorganisms were
not adversely affected by chlorate. Barry et al. (1978)
found that in vitro ruminal cellulose digestion was de-
creased by 500 mg/L of potassium chlorate (1.4 to 5.0%
compared with 9.2 to 11.1% disappearance of cotton
thread with and without chlorate, respectively). Several
other studies have shown that chlorate administration
does not affect total culturable anaerobes present in
the gastrointestinal tract, including the rumen (Ander-
son et al., 2001a,b; Callaway et al., 2002), but we cannot,
with the available data from our study, speculate on
how chlorate may have shifted the proportions of these
ruminal commensal populations.

We are not aware of any other controlled studies that
have measured ruminal chlorate metabolism. Harwood
(1953) states that sodium chlorate is “deoxidized to so-
dium chloride” in the rumen but provides neither refer-
ence nor data to support his claim, nor does he speculate
on whether this reduction is microbial or chemical.
McCulloch and Murer (1939) were unable to detect
NaClO; (sensitivity 0.01 mg/mL) in ruminal fluid of a
sheep under postmortem examination that had re-
ceived a 120-g dose 7 h before death, indicating that
chlorate had been entirely absorbed, totally metabo-
lized, passed downstream in the digestive tract, or a
combination of the three. If the dose had been primarily
metabolized, this report still does not provide any data
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to indicate whether the reduction was microbial or
chemical in nature. Moore (1941), in discussing cases
of chlorate poisoning in ruminants, proposes that differ-
ent reducing bacterial types in the gut (and we suggest
particularly in the rumen) may modify the effects of
chlorate (we believe through differential metabolism of
chlorate), thus explaining the variability in toxic levels
of chlorate among individuals.

Our data indicate that reduction of chlorate does in-
deed occur in ruminal fluid regardless of whether the
diet is primarily forage- or grain-based. Chlorate was
also reduced in fresh autoclaved ruminal fluid but not
to the same extent as in live ruminal fluid. These data
suggest that the reduction of chlorate is at least par-
tially due to a chemical reduction. The additional chlo-
rate reduction observed in live ruminal fluid may be
due to bacterial reduction or to a continual production
of reductants by live bacteria, whereas the reducing
equivalents in autoclaved ruminal fluid could have been
limiting. Barry et al. (1978) reported that in vitro, daily
addition of 500 mg/L of potassium chlorate increased
the oxidation reduction potential of ruminal fluid day
by day and that on a daily basis the oxidation reduction
potential was greatest immediately after addition of
chlorate. They also found that the oxidation reduction
potential of in vivo ruminal fluid in response to daily
(for 8 d) potassium chlorate dosing increased for the
first 4 d and then returned to a predosing baseline
(Barry et al., 1978). Short-term (3 d) larger doses in-
creased oxidation state at first (d 1) but then caused a
reducing state lower than baseline that persisted sev-
eral days beyond discontinuation of chlorate dosing
(Barry et al., 1978). Barry et al. (1978) concluded that
long-term (8 d) administration of potassium chlorate is
toxic to rumen microorganisms but that relatively large
doses can be given for short periods (3 d). They specu-
lated that a decreased fermentation rate in vitro may
have caused the more positive reduction potential after
several days of incubation (Barry et al., 1978). This
speculation still leaves open both the possibility of an
enzymatic reduction by bacteria (with fewer viable bac-
teria) or of a chemical reduction of chlorate (with a
reduced capacity to generate reducing equivalents).

We were unsuccessful in insolating chlorate-respir-
ing bacteria from the rumen. Lack of chlorate reduction
in our MSM ruminal fluid cultures may indicate that
a chlorate-reducing bacterium was not present, or it
could mean that chlorate disappearance was not a suf-
ficiently sensitive measure to detect low levels of poten-
tially slow-growing bacteria. We are not aware of any
other attempts to isolate a ruminal chlorate-respiring
bacterium, but chlorate-reducing bacteria have been
isolated from many and varied environments, including
a swine waste lagoon, pristine aquatic sediment, Mis-
sissippi river sediment, pristine soil, gold mine drain-
age sediment, petroleum-contaminated soil, and a Flor-
ida swamp (Coates et al., 1999), and evidence has been
discovered for chlorate-reducing bacteria in soil, ditch
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water, river water, and sludge from waste water treat-
ment plants (Aslander, 1928; van Ginkel et al., 1995).

Our samples were incubated up to 8 d. It is possible
that longer incubation times were needed, because van
Ginkel et al. (1995) found that in some cultures, up to 20
d of incubation was needed to induce bacterial chlorate
reduction. Simon and Weber (2006) reported that
greater than 1 mM perchlorate inhibited the mixed
culture reduction of perchlorate for over 40 d. In con-
trast, at 0.01 and 1 mM perchlorate, the same culture
reduced perchlorate completely after lag phases of 2
and 20 d, respectively. Our cultures were incubated
with 6 mM chlorate, a concentration that may have
been inhibitory to ruminal chlorate-respiring bacteria.
A considerable amount of literature indicates that ace-
tate is a critical component of the chlorate reduction
reaction (Malmqvist et al., 1991; van Ginkel et al., 1995;
Coates et al., 1999), but methanol, ethanol, and some
AA (i.e., Gly, Val, Pro, Ala, Leu, and Asp) can also
support chlorate reduction (Waki et al., 2004). The only
electron donor in our media was acetate, and therefore,
it may have been too selective to isolate any fastidious
chlorate-respiring bacteria that may have been present.

Because the rumen is an anaerobic and reducing en-
vironment, we assumed that any potential chlorate-
reducing bacteria would be anaerobic and would prefer
a reducing environment. Although some perchlorate-
reducing bacteria were isolated from anaerobic (Shrout
et al., 2006; Simon and Weber, 2006) environments,
many others have been isolated from aerobic environ-
ments (Coates et al., 1999), and some bacteria will re-
duce perchlorate even at redox potentials as high as
+180 mV if sufficient electron donors are present
(Shrout and Parkin, 2006). If a ruminal chlorate-reduc-
ing bacterium was microaerophilic, it might reside on
the ruminal epithelium and would, therefore, have been
difficult to isolate from ruminal fluid. Further research
needs to be conducted to determine if there is a chlorate-
respiring bacterium in the rumen and, if so, how it can
be isolated.

A significant amount of chlorate is reduced to chloride
in ruminal fluid. At least a portion of this reduction is
by chemical means. The remaining reduction may be a
result of chemical reduction from the continual produc-
tion of reducing equivalents by ruminal bacteria or from
a bacterial enzymatic reduction, although no such bac-
terium could be isolated from ruminal fluid. If chlorate
were to be used as a preslaughter feed additive for
decreasing the contamination of the carcasses of food
animals with foodborne intestinal pathogens, ruminal
chlorate reduction will decrease the amount of chlorate
available for pathogen killing in the lower gastrointesti-
nal tract. Therefore, development of a ruminally pro-
tected chlorate formulation for preslaughter food safety
applications would be worthwhile.
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